INTRODUCTION
Hookworms are blood-feeding nematodes that infect nearly 800 million people worldwide and are a leading cause of anaemia and malnutrition. Hookworm infection is also associated with alterations in host cellular immune responses (1, 2) which could impact host-responses to administered vaccines and co-infecting pathogens, including HIV, malaria and tuberculosis (3) (4) (5) . In animal models, Ancylostoma hookworm infection is associated with impaired lymphocyte proliferation, functional defects in antigen presentation ⁄ processing and increased secretion of nitric oxide (6) . Similar effects have been observed in other helminthiases, and suggest varying degrees of cellular immune suppression mediated by infection with intestinal and tissue worms (7) .
Alteration of lymphocyte homeostasis, as manifested by depletion of CD4 + T-cell populations, has been suggested as a possible mechanism through which hookworms modulate host immune responses to facilitate parasite survival (2, 6, 8) .
Studies in murine models have demonstrated a role for T cells in mediating protective immunity to a variety of nematodes (9) (10) (11) . More recently, the role of CD4 + CD25 + regulatory T cells (Tregs) (12) , in regulating the host inflammatory response to helminth infections has been explored (13) (14) (15) , although the role this lymphocyte subset plays in the immune response to infection remains controversial. We report here data from studies aimed at defining the role of CD4 + T cells in mediating host immune responses to hookworm infection. Hamsters depleted of CD4 + cells using a monoclonal antibody demonstrated significant impairment of humoral, cellular and mucosal immune responses following infection with Ancylostoma ceylanicum. CD4 + T cells were also shown to play a role in controlling hookworm infection in vivo, as infected animals treated with the a-CD4 IgG exhibited more severe anaemia and a nearly threefold higher intestinal worm burden than isotype IgG-treated controls. These studies support prior evidence suggesting that hookworm-associated depletion of CD4 + lymphocyte populations represents a specific parasite survival strategy. Moreover, the data add to our understanding of how co-infection with hookworm may influence immune responses to other pathogens in human populations.
MATERIALS AND METHODS

Hookworm life cycle
The A. ceylanicum life cycle was maintained in Syrian hamsters (16, 17) . Experiments were approved by the Yale Animal Care and Use Committee. For infection studies, animals received 75 third stage (L3) A. ceylanicum larvae by oral gavage. Weight and blood haemoglobin levels were measured as described (16) , and at the time of sacrifice, adult hookworms were manually recovered from the intestines.
Immunodepletion of CD4 + T cells
The rat anti-mouse CD4 monoclonal antibody L3T4 (clone GK1AE5) and isotype control IgG (rat IgG2b) were obtained from eBioscience (San Diego, CA, USA). The Anti-CD4 antibody cross-reacts with hamster CD4 on T lymphocytes (6), but not monocytes or macrophages (18, 19) . To assess the dose of antibody necessary for effective depletion, groups of hamsters (n = 3) were injected intraperitoneally (IP) with increasing amounts (100, 150 and 200 lg) of anti-CD4 IgG, or 200 lg of isotype control antibody. Animals were sacrificed 2 days following injection and the percentages of CD4 + T cells in the spleens were analysed by fluorescence-activated cell sorter (FACS) (6) . In a subsequent experiment, nine hamsters were injected with 200 lg of anti-CD4 IgG or isotype control and groups of three hamsters were sacrificed 3, 6 and 9 days later. To define the effect of CD4 cell depletion on hookworm pathogenesis, eight hamsters were each injected IP with 200 lg of anti-a-CD4 antibody, while equal numbers received 200 lg of control IgG. Two days later, five hamsters in each group were infected with 75 A. ceylanicum larvae (L3), and three uninfected animals in each group served as controls. Animals received additional injections with anti-CD4 or isotype control IgG on days 8 and 18 post-infection (PI). The animals were sacrificed at day 30 PI, and blood, intestine, spleen and mesenteric lymph nodes (MLNs) were collected for analyses.
Fluorescence-activated cell sorter assay
Single cell preparations (10 6 
Antibody responses by ELISA and Immunoblotting
Serum (IgG) and mucosal (IgA) antibody responses to pooled adult hookworm excretory ⁄ secretory (ES) proteins were measured by ELISA using previously described methods (20, 21) . IgG ELISA was performed using pooled serum collected from anti-CD4-treated animals and control animals at day 30 PI. Mucosal IgA responses to hookworm antigens were measured in concentrated intestinal flush (20) collected from CD4-depleted animals and control animals at day 30 PI. Bound antibodies were detected using HRP-labelled secondary IgG and ABTS substrate. Parasite-specific IgG production was also assessed by immunoblot (20) . Two micrograms of ES and 200 ng of recombinant ES protein rAceES-2 (21) were subjected to SDS-PAGE and proteins were blotted onto nitrocellulose membranes. Blocked membranes were probed with pooled hamster serum (day 30 PI) diluted 1 : 1000 in 5% milk ⁄ phosphate buffer saline-tween (PBS-T). Washed membranes were incubated with horseradish peroxidase (HRP)-conjugated goat anti-hamster IgG, with detection using chemiluminescence.
followed by Tukey-Kramer Multiple Comparison test. Pvalues <0AE05 were considered significant.
RESULTS
Intraperitoneal injection of anti-CD4 IgG induces a sustained depletion of hamster CD4 + T lymphocytes
As measured by FACS, IP injection of anti-CD4 IgG resulted in depletion of the CD4 + target cell population.
At day 3 PI, FACS analysis determined that 0AE36 € 0AE03% of spleen lymphocytes in anti-CD4 IgG-treated animals were CD4 + , compared to15AE9 € 0AE7% in the isotype control-treated animals (P < 0AE0001; Figure 1 ). At 6 days following injection, the mean percentage of CD4 + T cells in anti-CD4 IgG-treated hamsters was 0AE42 € 0AE04%, compared to 22AE1 € 1AE3% in isotype controls (P < 0AE0001). At day 9, these percentages were 0AE5 € 0AE02% vs. 25AE5 € 1AE1% respectively (P < 0AE0001).
CD4
+ T-cell depletion is associated with altered lymphocyte homeostasis in the setting of A. ceylanicum infection cells (10AE7 € 0AE2%) compared with that measured in isotype control IgG-treated animals(17AE4 € 0AE5%), a difference that was statistically significant (P = 0AE03).
+ T-cell depletion is associated with greater intestinal worm burdens and reduced blood haemoglobin levels following hookworm infection
As shown in Figure 3 , at day 30 PI, the mean number of intestinal worms recovered from the anti-CD4 IgG-treated hamsters was approximately threefold higher than that from infected isotype controls (32 € 1 vs. 11 € 1; P < 0AE0001). Of note, the worm burden in Isotype IgGtreated animals is consistent with our prior observations at day 30 PI following infection with 75 A. ceylanicum L3 (6). A 23% reduction in blood haemoglobin levels was also noted in isotype control-treated hamsters, compared to CD4 + T-cell-depleted animals (8AE3 € 0AE6 g ⁄ dL vs. 10AE8 € 0AE5 g ⁄ dL; P = 0AE01). Both infected groups had lower mean blood haemoglobin levels than uninfected controls (isotype control: 15AE4 € 1AE0 g ⁄ dL; CD4-depleted: 16AE5 € 0AE8 g ⁄ dL).
Depletion of CD4
+ T cells is associated with impaired cellular immune responses to mitogen and hookworm antigens
Hamsters infected with A. ceylanicum exhibit enlarged MLNs, with histological evidence of germinal centre activation compared to uninfected controls (6) . To assess the effect of CD4 + T-cell depletion on lymph node responses,
we measured the weights of MLNs from each of the experimental groups. As in Figure 4 (a), the mean MLN weights were equivalent in the uninfected isotype control and anti-CD4 IgG-treated hamsters at day 30 PI (71 € 3 mg and 71 € 4 mg respectively). However, in the infected groups, the mean MLN weight of isotype controltreated hamsters (196 € 20 mg) was more than twice that of CD4-depleted animals (88 € 12 mg; P < 0AE01). Consistent with this observation, H&E stained sections of MLNs from hookworm-infected isotype control hamsters were notable for enlarged and activated germinal centres, compared to sections from controls ( Figure 4 ). To further define the effector functions of CD4 + T cells in A. ceylanicum infection, MLN cells harvested at day 30 PI were stimulated in vitro with ConA or soluble HEX (6) . Shown in Figure 4 (c), the SI of MLN cells exposed to ConA was higher in the group of infected hamsters treated with isotype control IgG than in anti-CD4 IgG-treated animals (3AE0 € 0AE1 vs. 1AE9 € 0AE2; P < 0AE001). Also, MLN cells from infected isotype control-treated hamsters stimulated with HEX demonstrated a threefold greater proliferative response than those from anti-CD4 IgG-treated animals (SI: 2AE2 € 0AE1 vs. 0AE7 € 0AE03; P < 0AE001). When stimulated with ConA, the SI of MLN lymphocytes from naïve isotype control-treated animals was 6AE9 € 0AE2, while that from anti-CD4 IgG-treated hamsters was 1AE5 € 0AE03 (P < 0AE001), a difference potentially accounted for by the absence of CD4 + T cells in the anti-CD4 IgG-treated animals. Splenocytes harvested from CD4 + T-cell-depleted hamsters at day 30 PI and stimulated in vitro (ConA, HEX) exhibited a reduction in SI that was similar to MLN cells.
CD4 + T-cell depletion is associated with impaired serum and mucosal antibody responses to hookworm antigens
We have demonstrated that hamsters infected with A. ceylanicum generate robust serum IgG and mucosal IgA responses directed at hookworm ES proteins (17, 20, 22) . To assess the potential effect of CD4 + T-cell depletion on parasite-specific humoral responses, we measured mucosal T-cell-depleted animals also exhibited lower blood haemoglobin levels (8AE3 € 0AE6 g ⁄ dL vs. 10AE8 € 0AE5 g ⁄ dL; P = 0AE01), consistent with greater intensity of infection. Both infected groups had lower mean blood haemoglobin levels than uninfected controls (isotype control: 15AE4 € 1AE0 g ⁄ dL; CD4-depleted: 16AE5 € 0AE8 g ⁄ dL). IgA and serum IgG directed at A. ceylanicum ES in each of the experimental groups (20) . As shown in Figure 5 (a), ES-specific IgA was detected at day 30 PI in the intestinal flush of isotype control-treated hamsters, but not in the anti-CD4 IgG-treated group. Likewise, CD4 + T-celldepleted animals generated no serum IgG response to ES (Figure 5b ). The serum IgG ELISA result was confirmed by immunoblot (Figure 5b, inset 
DISCUSSION
The data presented here affirm a role for CD4 + T cells in mediating a protective immune response to A. ceylanicum infection, similar to that reported in models of other parasitic helminths (7, (9) (10) (11) 23, 24) . The mechanism(s) through which depletion of hamster CD4 + T cells results in increased hookworm disease pathogenesis and greater intensity of infection remain(s) unknown, although the effector functions of this class of lymphocytes have been Although few reagents are available for characterization of immune responses in M. auratus, including monoclonal antibodies to cell surface markers and immunoglobulin subtypes, the hamster is a most efficient and highly reproducible model for the study of hookworm pathogenesis (17, 32, 33) . Moreover, because A. ceylanicum is a recognized parasite of humans (34-37), immune evasion mechanisms defined in the hamster host may be more reflective of strategies utilized by species that more commonly infect people, e.g. A. duodenale and N. americanus. The work reported here demonstrates that cross-reacting murine monoclonal antibodies can be used effectively to characterize immune responses in the hamster. We confirmed that IP administration of anti-mouse CD4 antibody (L3T4; GK1AE5 clone) (9,10,38,39) to hamsters induced a 98% depletion in vivo, with the effect of a single injection lasting at least 9 days (Figure 1) . The anti-CD4 IgG was then used to characterize the role of CD4 + T lymphocytes in mediating disease pathogenesis and immune responses to the hookworm A. ceylanicum. It is worth noting that the same antibody was used to deplete and detect CD4 + T cells, which could potentially obscure detection of positive cells by subsequent FACS. Thus, while we cannot rule out the possibility that the FACS data underestimate the actual numbers of circulating CD4 + T cells, the clear differences in clinical and parasitological outcomes between depleted and control animals strongly suggest that antibody treatment achieved the intended effect.
Depletion of CD4 + cells in hamsters was associated with a threefold increase in intestinal worm burden, as well as a 23% decrease in blood haemoglobin levels following primary infection (Figure 3 ). In addition, anti-CD4 IgG-treated hamsters did not exhibit enlargement of MLNs in the context of hookworm infection, compared to controls (Figure 4a) , consistent with histological analysis showing smaller germinal centres in CD4 + T-cell-depleted hamsters (Figure 4b ). Treatment with anti-CD4 IgG also was associated with reduced lymphocyte proliferation to ConA or hookworm antigens (HEX), unlike MLN cells harvested from isotype control-treated animals ( Figure 4c ). These data demonstrate that CD4 + T cells constitute the major cell subpopulation capable of responding to mitogen and hookworm-specific protein stimulation. Previous studies investigating the proliferation of hamster cells to hookworm proteins or mitogen did not identify specific effector lymphocyte populations (40) . However, based on the data reported here, the lymphocytes responding to stimulation with hookworm antigens are most likely CD4 + T cells.
Infected CD4 + T-cell-depleted animals failed to mount a measurable secretory IgA response to A. ceylanicum ES antigens, compared to isotype antibody-treated controls (Figure 5a ). This observation is of interest in light of our previous demonstration that oral immunization with soluble hookworm protein extracts confers partial protection against anaemia and growth delay following challenge infection, consistent with generation of a protective mucosal immune response (21) . More recently, we have demonstrated that resistance to infection in the hamster model is associated with the production of specific IgA directed against hookworm ES (20) . This lack of antibody production in CD4 + cell-depleted animals ( Figure 5 ) is consistent with findings of reduced MLN size following infection, compared with isotype-treated controls (Figure 4a ). Histological evaluation also demonstrated that MLNs from depleted animals failed to produce germinal centres (Figure 4b) , which represent sites of antibody production in the draining lymph nodes (41) . These data support a role for CD4 + T cells in humoral immunity to hookworm, presumably via stimulation of B lymphocytes to mature, proliferate and produce antigen-specific IgA and ⁄ or IgG antibodies. Animals treated with anti-CD4 IgG also failed to mount a measurable serum IgG response to adult hookworm ES (Figure 5b ). In contrast, isotype control-treated animals produced serum IgG directed against both pooled ES, as well as the recombinant AceES-2, a highly immunoreactive secretory protein produced early in the course of infection with A. ceylanicum (21, 42) . As has been shown, passive transfer of serum from twice-infected animals to naïve hamsters is associated with reduced clinical sequelae (anaemia, growth delay) following challenge infection, suggesting that antibodies to hookworm proteins play a measurable, although not fully protective role in mediating resistance to infection (17) . It has also been demonstrated that systemic immunization with pooled ES, and in some instances single recombinant hookworm secretory proteins, will confer partial protection against A. ceylanicum, further evidence for a contributory role of antigen-specific IgG (21, 43, 44) . The observation that CD4 + T cell depletion abrogates anti-ES IgG and IgA responses suggests an important potential mechanism through which these cells mediate acquired immunity to A. ceylanicum in this model. In the absence of CD4 + T cells, hamsters are unlikely to mount a protective humoral (IgG and IgA) immune response, which typically develops in association with attrition of adult worms between days 20 and 30 PI (6, 20) . We have previously reported that hookworm infection is associated with depletion of CD4 + T cells in the hamster (6) . The demonstration that CD4 + T cells are important in the control of infection and disease pathogenesis raises the possibility that depletion of this cell type represents a potential survival strategy of the parasite, designed to enhance its ability to remain attached to the intestinal mucosa by blunting the host immune response. The observation that hookworm infection is exacerbated in the absence of CD4 + T cells is particularly significant in light of the high rates of co-infection with HIV among people living in areas endemic for hookworm and other soil transmitted nematodes, Ascaris lumbricoides and T. trichiura (45, 46) . Although the relationship between HIV and hookworm infection is less clear, it has nonetheless been suggested that de-worming of HIV-infected individuals may improve certain clinical parameters, e.g. viral load and CD4 + T-cell numbers (3, 47) . Interestingly, data from a recent retrospective study has shown that introduction of highly active antiretroviral therapy in an HIV-infected population at risk for co-infection with intestinal nematodes was associated with a significant reduction in prevalence of A. lumbricoides, T. trichiura and hookworm (48) , suggesting that the relationship between helminth and HIV co-infection is bi-directional. In summary, CD4 + T cells mediate components of the host immune response to the hookworm A. ceylanicum, and may play a role in controlling intensity of infection. Taking together data from previous investigations, we propose a potential mechanism, specifically depletion of CD4 + T cells, through which hookworm could alter the clinical course of other infections, further supporting the implementation of strategies aimed at integrating control of intestinal nematodes with programmes targeting co-endemic infectious diseases. And finally, given that humans are fully permissive hosts for A. ceylanicum, the data presented here further suggest that the hamster model recapitulates features of hookworm disease seen in endemic areas.
